Objective: Among the many actions of nitric oxide (NO) are those on endocrine and feeding behaviour. Based on NO involvement in the GH-releasing effect of the GH-releasing peptides (GHRPs) and the reported orexigenic activity of these compounds, we sought to evaluate the effect of the combined administration of a long-acting NO donor, molsidomine, and the newly synthesized GHRP EP92632 on food intake and GH secretion in rats. Moreover, to verify the specificity of a potential NO involvement, we evaluated whether or not the effects of GHRPs were abolished by a pre-treatment with an inhibitor of NO synthase, N-nitro-arginine-methyl-ester (NAME). Methods: In the food intake experiments, adult Sprague±Dawley male rats underwent acute administration of: (1) EP92632 (160 mg/kg, s.c.); (2) molsidomine (100 mg/kg, i.p.); (3) EP92632+molsidomine; (4) L-NAME (40 and 60 mg/kg, i.p.); (5) EP92632+L-NAME (60 mg/kg, i.p.); (6) EP92632+molsidomine+L-NAME (60 mg/kg, i.p.); and (7) 0.9% saline (0.1 ml/kg, i.p.). After treatments, the cumulative food intake in the 6 post-treatment hours was carefully evaluated. In the neuroendocrine experiments, rats were given the same compounds according to the above reported schedule, except for the use of one dose of NAME (60 mg/kg, i.p.) and a lower EP92632 dose (80 mg/kg, s.c.), and were sampled via atrial cannula. Results: EP92632 significantly stimulated food intake, an effect which was further enhanced by molsidomine, though the latter did not elicit per se any orexigenic effect. L-NAME given alone significantly decreased food intake and abolished the orexigenic effect of the GHRP and the enhancing effect of molsidomine. Plasma GH levels increased significantly following administration of EP92632 but, in contrast to the food intake experiments, molsidomine significantly inhibited both basal and EP92632-stimulated GH secretion; moreover, NAME had a biphasic effect on the EP92632-stimulated GH release: initially inhibitory and then, from 45 min on, stimulatory. NAME did not affect basal GH levels but, surprisingly, combined administration of molsidomine and NAME induced a striking inhibition of both basal and the peptide-stimulated GH release. Conclusions: In summary, these data indicate that NO in the rat is physiologically involved in a stimulatory way in the GHRP-mediated effect on food intake, but exerts a dual action, probably stimulatory at hypothalamic and inhibitory at pituitary levels, on basal and GHRP-stimulated GH secretion.
Introduction
Nitric oxide (NO) is an highly reactive gas with many actions (1, 2) . In the last few years, it has been reported that NO acts as neurotransmitter/neuromodulator also in the endocrine system (3±5), including the somatotrophic axis (6±8). In addition, many data suggest that NO exerts a physiological role in the regulation of food intake (9±14).
Three main isoforms of NO synthase (NOS), the enzyme responsible of the synthesis of NO from L-arginine, have been characterized: the brain NOS (b-NOS) and the endothelial NOS (e-NOS), which are constitutive enzymes; and the macrophagic NOS, which is an inducible enzyme (i-NOS) (1, 15) .
The prevalent localization of the b-NOS in different hypothalamic areas (16, 17) , but also at pituitary level (3) , raises the issue of the possible dual action of NO as neuroendocrine modulator at either site.
Concerning the somatotrophic axis, haemoglobin, which is known to strongly bind NO, or N-methyl-Larginine, a NOS inhibitor, potentiated in a dose-related manner the release of growth hormone (GH) stimulated by growth hormone-releasing hormone (GHRH) from rat pituitary cell cultures, without affecting the basal secretion of GH (18) . Since, conversely, nitroprusside, which releases NO, suppressed this response, Kato's observations were compatible with an inhibitory role of NO on pituitary GH release. In contrast, other in vivo and in vitro experiments (7) have shown that NO, endogenously produced, exerts a facilitatory role on the pituitary in the GH secretion induced by GHRH or GH-releasing peptides (GHRPs). The latter are synthetic compounds which act on specific receptors, different from those of GHRH and of other GH secretagogues, but are extremely effective in stimulating somatotroph function in both animals and humans (19±27). It has also been reported that GHRH increases mRNA levels and the release of somatostatin (SS) in the rat periventricular nucleus via a NO-mediated mechanism (6).
These observations recently prompted us to study the role of the NOergic system in the control of GH secretion in the dog, using as a tool Hexarelin, a potent GHRP analogue (28, 29) . The main findings of these studies were that erithrityle tetranitrate, a liposoluble NO-donor compound, strikingly enhanced GH secretion stimulated by Hexarelin in both young and old dogs. Pre-treatment with N-nitro-L-arginine-methyl-ester (L-NAME), a NOS inhibitor, abolished GH release induced by the peptide in young dogs but, paradoxically, enhanced that of old dogs. N-nitro-D-arginine-methyl-ester (D-NAME), the inactive stereoisomer, did not affect GH response to Hexarelin in either young or old dogs (30) .
Concerning NO involvement in behavioural aspects, some authors have reported that NOS inhibition induces in the mouse a reduction of food intake under basal conditions or when stimulated by neuropeptide Y (NPY), a potent orexigenic peptide (10, 12) , and a similar effect was present in obese Zucker rats treated with NOS antagonists (31) . Interestingly, fasting, in turn, increases in the rat the activity of b-NOS in the hypothalamus (32) , as it occurs for orexigenic neuropeptides (33) .
On the basis of NO involvement in the GH-releasing effect of GHRPs (see above) and reports that some GHRP molecules have an orexigenic activity (34±37), the present study was aimed at evaluating in the rat the GHreleasing and orexigenic effects of the combined administration of molsidomine, a long-acting NO-donor, and EP92632, an analogue of Hexarelin, endowed with GHreleasing and orexigenic actions (A E Rigamonti, unpublished results). In addition, the study sought to assess whether pre-treatment with L-NAME counteracted the neuroendocrine and orexigenic effects of the GHRPs.
Materials and methods
Fifty Sprague±Dawley male rats (200±250 g body weight) were used. Rats were provided with dry food (Standard Diet, Charles River, Calco, Italy) and water, and allowed to feed ad libitum. They were in a 12 h light: 12 h darkness regimen, with light on at 0700 h.
Food intake experiments
Two days before testing, rats were placed singularly in a clear Plexiglas cage. According to a cross-over experimental design, rats were treated with (1) 0.9% physiological saline (1 ml/kg; i.p.; 260 min)+ EP92632 (Tyr-Hexarelin; Europeptides, Argenteuil, France; 160 mg/kg, s.c.; 0 min); (2) molsidomine (Sigma-Aldrich, Milan, Italy; 100 mg/kg, i.p.; 260 min)+saline (1 ml/kg, i.p.; 0 min); (3) EP92632+molsidomine; (4) NAME (L-NAME; SigmaAldrich; 40 and 60 mg/kg, i.p.; 260 min)+saline (1 ml/kg; i.p.; 0 min); (5) NAME (60 mg/kg, i.p.; 260 min)+EP92632; (6) NAME+molsidomine (in combination at time 260 min)+saline; (7) NAME+ molsidomine+EP92632; (8) saline+saline. Doses of NAME used in these experiments, selected according to the studies of Tena-Sempere et al. (7), did not affect blood pressure in the rat (Dr M Bernareggi, personal communication).
Each rat was injected six or seven times maximally, with an interval between two subsequent injections of at least 48 h. Each rat received at least one saline injection.
Starting at 2100 h, rats were provided a premeasured amount of food. To ensure that the rats were satiated, they were given a freshly prepared diet consisting of standard pellets. After administration of the above compounds, the cumulative food intake was carefully evaluated every hour for 6 h, according to a standard procedure (36) .
Neuroendocrine experiments
Groups of six rats were treated with the same compounds according to the schedule used in the food intake experiments, the only exception being the use of one dose of NAME (60 mg/kg, i.p.) and a lower EP92632 dose (80 mg/kg, s.c.). In these experiments, a lower dose of the peptide was chosen because with the dose used in food intake experiments a maximal GH release is elicited (data not shown).
A polyethylene cannula was inserted into the right atrium of rats anaesthetized with ketamine (0.05 ml/ 100 g, i.p.) and xylaxine (0.1 ml/100 g, i.p.) to allow unstressed samplings. At times 0, 10, 15, 30, 45, 60 and 90 min 300 ml of blood were drawn from the cannula and were replaced by isovolumetric amounts of physiological saline.
Blood was centrifuged and plasma samples stored at 220 8C until assessment of rat GH (rGH) by RIA assay.
Plasma rGH concentrations
Plasma rGH concentrations were determined by a double antibody RIA. Highly purified amounts of this hormone as standard and for iodination and the related antibody were kindly provided by Dr A F Parlow (Pituitary Hormones and Antisera Center, Torrance, CA, USA). The sensitivity of this assay was 0.39 ng/ml; intra-assay variability was 5%. To avoid possible interassay variation, all samples of a given experiment were assayed in a single RIA.
Statistical analysis
Food intake was expressed as a cumulative value of the food ingested at the test meal after administration of the compounds until 6 h. Plasma rGH concentrations were evaluated either as absolute mean values (ng/ml)^S.E.M. or as area under the GH response curve (AUC 0±90 min : ng/ml per min), calculated by the trapezoid method.
Statistical comparisons of the mean value were performed by Bonferroni test, preceded by ANOVA; P , 0X05 was taken to be statistically significant.
Results

Food intake experiments
EP92632 significantly stimulated food intake 3X40 X6 vs 2X6^0X7 gY P , 0X01Y an effect particularly prominent in the first 2 h. This effect was further enhanced by molsidomine 6X4^0X6 gY P , 0X01Y though the latter did not elicit per se any orexigenic effect (Fig. 1a) . NAME given alone (40 and 60 mg/kg, i.p.) dose-dependently decreased food intake 2X0^0X8 and 1X0^0X6 g respectively, P , 0X01 vs saline+ saline) (Fig. 1b) ; moreover, at the dose of 60 mg/kg, i.p. it abolished the orexigenic effect of the GHRP and the enhancing effect of molsidomine 1X9^0X4 and 2X1^0X4 g, P , 0X01 vs saline+saline) ( Fig. 1c and d) . Administration of NAME in the molsidomine-treated rats further reduced basal food intake 1X1^0X6Y P , 0X01 vs saline+saline) (Fig. 1d) .
Neuroendocrine experiments
Plasma GH levels were increased significantly by administration of EP92632 (AUC rGH 0±90 : 18617.92 267.8 ng/ml per min vs 10267.1^1445.6 ng/ml per min, P , 0X01 ( Table 1 ). The GH-releasing effect of the peptide was evident at each post-injection period P , 0X01 (Fig. 2) . In contrast to the pattern of the food-intake experiments, molsidomine significantly inhibited both basal and EP92632-stimulated GH secretion at 10, 15 and 30 min and at 30 min respectively P , 0X01 vs saline+saline) (Fig. 2) . These results were confirmed by the AUC data only when related to the peptide-stimulated GH release (AUC rGH 0±90 : 12378X3^1643X0 ngaml per min vs 18617X9^2267X8 ngaml per min; P , 0X01 (Table 1) . NAME, paradoxically, had a biphasic effect. Initially it inhibited the EP92632 GH-releasing effect at 10, 15 and 30 min P , 0X01; then a marked elevation of GH release over values present in rats given GHRP alone was present from 45 min onwards (at 60 min; P , 0X01 (Fig. 3) . The dual effects of NAME cancelled each other when differences in the AUC vs the EP92632 alone treated group were evaluated (AUC rGH 0±90 : 17533X2^1655X1 ngaml per min vs 18617X92 267X8 ngaml per min; P NS (Table 1) . NAME did not affect basal GH levels (AUC rGH 0±90 : 11540X31 421X7 ngaml per min; P NS vs saline+saline) ( Table 1) .
Combined pre-treatment of molsidomine plus NAME induced a striking inhibition of the peptide-stimulated GH release (at 10 and 30 min vs saline+EP92632; P , 0X01; AUC rGH 0±90 : 14032X3^1828X3 ngaml per min; P , 0X01 vs saline+EP92632) ( Fig. 4; Table 1 ), which was greater than the inhibitory action on GH release exerted by molsidomine alone. Interestingly, co-administration of these compounds also reduced basal GH levels (10, 15, 30 and 45 min; P , 0X01 vs saline+saline; AUC rGH 0±90 : 4307X8^688X1 ngaml per min; P , 0X01 vs saline+saline) ( Fig. 4; Table 1 ).
Discussion
To our knowledge there are no specific pharmacokinetic studies on the penetration of NAME and molsidomine through the blood±brain barrier (BBB). However, though inferentially, such a possibility is supported by many studies on the neuroendocrine effects of these compounds (38±43) and the lack of BBB in some brain areas, namely at the pituitary±medio-basal±hypothalamic level (44) .
In this study in the rat, molsidomine enhanced the orexigenic effect of a GHRP whereas, conversely, NAME reduced both basal and GHRP-stimulated feeding behaviour. Unexpectedly, molsidomine (and NAME), administered either alone or together, inhibited basal and GHRP-induced GH release. These puzzling findings may be compatible with a GHRP mechanism of action exerted at both hypothalamic and pituitary levels and with a dual action of NO, acting as neuroendocrine modulator at either site (45, 46) .
In particular, to explain these findings, NO has to be viewed as an enhancer of the hypothalamic GHRP orexigenic and GH-releasing mechanisms but also, for GH secretion, as a compound endowed with an inhibitory action on the pituitary. Figure 1 Cumulative food intake at 6 h in rats treated with: (a) 0.9% saline (0.1 ml/kg, i.p.), molsidomine (100 mg/kg, i.p.), EP92632 (160 mg/kg, s.c.) or molsidomine+EP92632, *P,0.01 vs saline; (b) 0.9% saline or L-NAME (40 and 60 mg/kg, i.p.), *P,0.01 vs saline; (c) 0.9% saline (0.1 ml/kg, i.p.), EP92632 (160 mg/kg, s.c.) or L-NAME (60 mg/kg, i.p.) + EP92632, *P,0.01 vs saline, **P,0.01 vs EP92632; (d) 0.9% saline (0.1 ml/kg, i.p.), NAME (60 mg/kg, i.p.)+molsidomine (100 mg/kg, i.p.)+saline, EP92632 (160 mg/kg, s.c.) or L-NAME+molsidomine+EP92632, *P,0.01 vs saline, **P,0.01 vs saline+EP92632. This view is supported by in vitro studies showing that NOergic neurons play a permissive role in the medial basal hypothalamus to stimulate the release of many regulatory peptides, as corticotrophin-releasing hormone, luteinizing hormone releasing-hormone, GHRH, somatostatin and oxytocin (46) . NO, however, has also been reported in some (18, 47) , though not all (7, 48) , studies to inhibit GHRH-induced GH release from rat pituitary cell cultures and to affect basal and dopamine inhibition of prolactin secretion (5) .
The results of this in vivo rat study, which showed an inhibitory action of either the NO donor or NOS antagonist on the GH response to GHRP, are in contrast with previous findings in young dogs, where erithrityle tetranitrate, a NO donor, enhanced GH release stimulated by the GHRP peptide, Hexarelin, an effect which was abolished by NAME (30) . The existence of species differences, and/or a different pharmacokinetic profile of molsidomine vs erithrityle tetranitrate cannot be ruled out (49) as possible explanations of the discrepancy.
In our study there was a non-specific plasma GH rise following saline administration, an effect likely due to the use of the xylazine±ketamine combination as an anaesthetic (50, 51) . However, the uniform use of this anaesthesia in all experimental groups should have lessened this problem.
Regarding its effect on feeding behaviour, a wealth of information has been provided that NO acts centrally. For instance, alterations in the feeding state of rodents result in changes in NOS levels in the hypothalamus (52); the ob/ob mouse has elevated hypothalamic levels of NOS mRNA; administration of a NOS antagonist induces a marked decrease in food intake, and weight loss (11, 13) .
The view proposed above does not rule out the possibility that two distinct NOergic pathways exist in the hypothalamus, respectively modulating the neuroendocrine and orexigenic actions of GHRPs. In this context, it is noteworthy that in the rat the orexigenic activity of some GHRPs appears to be divorced from the GH-releasing effect (36) , pointing to the existence of different receptor or sub-receptor systems for GHRPs (53) .
In accordance with the model of a dual action of NO on the hypothalamus and the pituitary, in our study, pre-treatment with molsidomine enhanced the GHRPinduced orexia for the exclusive stimulatory effect of NO at hypothalamic level, whereas molsidomine's decrease of the GHRP-induced GH release was probably due to the prevalent inhibition exerted by NO function impinging on somatotroph cells (pituitary`closed gate'). In this context, the stimulatory effect of NO, due to molsidomine's action on the hypothalamic component of the GHRP machinery for GH release (26, 27) , would have been masked by a downstream NO-mediated pituitary blockade.
In our study, pre-treatment with NAME, as expected, abolished GHRP-stimulated feeding behaviour for deprivation of NOergic function. This may also apply to NAME for the seemingly paradoxical reduction of the GH release induced by GHRP. In fact, although under these circumstances, pituitary NOS inhibition should have prompted release of GH from somatotrophs after the GHRP challenge ± and, presumably, of other GH secretagogues ± (pituitary`opened gate'), abolishment of intra-hypothalamic NO function would suppress the hypothalamic machinery underlying the GHRPinduced GH release. The dual effect induced by NAME pre-treatment at hypothalamic and pituitary level would also be manifested by the delayed increase of GH response to GHRP, when the inhibitory hypothalamic effect of NAME subsides (54, 55) and the hypothalamic GHRP pathway returns to be active.
Combined NAME and molsidomine pre-treatment strikingly decreased both baseline food intake and plasma GH concentrations. These effects are presently beyond any sound interpretation. However, due to the extent of the reduction in the two parameters, they cannot be an artefact.
The consistency of our experimental results rests on the specificity of NAME and molsidomine effects on the hormonal and behaviour parameters. That the effects of NAME were specific and unrelated to the drug's vasoconstrictive activity is supported by its ability to abolish the GHRH-induced GH release also in vitro (7) and its failure to block GHRH-stimulated GH release also when given simultaneously with GHRH, despite its immediate vasoconstrictive effects (7). Finally, NAME at the doses used did not affect blood pressure (see Materials and methods), and, in addition, vasoconstriction, as that present in spontaneously hypertensive rats, is associated with an increased rather than a decreased responsiveness to GHRH (56) . Concerning feeding, the ability of NAME to inhibit this behaviour also in obese Zucker rats, an experimental model of obesity with hypertension (57) , and the ineffectiveness of molsidomine to affect basal food intake in our study suggest the independence of the effects of these compounds from potential cardiovascular effects.
In summary, reports that leptin and NPY, two powerful modulators of feeding behaviour, alter hypothalamic NOS expression (9) and our findings that the orexigenic effect of GHRPs is modulated by NO strengthen the view that the latter plays an important role in the control of feeding in rats (this study) and dogs (30, 37) . However, inconsistencies still remain which hinder proper evaluation of NO involvement in GH regulation, and also, partly, in the control of feeding, too. They need to be clarified before GHRP/NO donor compounds, endowed with strong orexigenic (and neuroendocrine?) actions, may be developed.
